Introduction
Source rocks that have not yet expelled all the hydrocarbons they generated can be called gas shales. These rocks can simply be defined as "organic-rich and fine-grained rocks" that typically exhibit widespread gas saturation and geographically extensive accumulations. These rocks expand geographically at a large scale in terms of occurrence and are determined to be rich in organic contents. Hence, the total place gas volume is generally high. However, the low matrix permeability of these rocks makes the overall gas recovery factor comparatively low [1] . These source rocks, which are inefficient in releasing hydrocarbons, can be the best prospects for shale gas. Through current technology, flow paths are created by artificially fracturing rock formations, and thus, shale gas collection becomes accessible and economical. Consequently, shale gas collection is rapidly becoming one of the accepted methods in the petroleum industry with regard to exploration and production.
Systems in which formations have low permeability are considered unconventional reservoirs. These systems include gas shale, coal bed methane, and gas hydrates, among others. The low permeability of these formations necessitates stimulating the reservoir to increase permeability. This process is typically achieved via hydraulic fracturing of reservoirs. Vertical or horizontal wells can be drilled. Shale gas wells can be similar to other unconventional or conventional wells in terms of depth, drilling process, and production rate [2] . Natural gas will not readily flow to any vertical well drilled through shale formations because of the low permeability of such rocks. This problem may be overcome by drilling horizontal wells. In this process, the drill bit is steered from its downward trajectory to follow a horizontal trajectory for 1 km to 2 km, thereby exposing the wellbore to a maximum reservoir area. Horizontal drilling is frequently used in shale gas wells, with lateral lengths reaching 3,000 m within the shale, to create a maximum borehole surface area that is in contact with the shale. By drilling horizontally, the wellbore may intersect with a high number of naturally existing fractures in the reservoir. The drill path direction is selected based on known fracture trends in each area. The advantage of drilling horizontally versus vertically is increased access to the reservoir; however, the former requires a significantly higher cost. Horizontal drilling is important because it allows more gas to be extracted at a shorter period than vertical drilling. However, the cost of horizontal drilling is generally twice or thrice that of vertical drilling. Technology is considered as the key to developing successful shale gas collection methods.
Gas shales are generally deposited as mud in low-energy environments, such as tidal flats and deep water basins. Fine-grained clay particles are separated from the suspension and settle down in still water. Organic matter, such as algae, animals, and plant-derived organic debris, can also be deposited during the settling of fine-grained sediments. The sediments accumulate into tabular clay grains that become compacted because of the additional deposition of sediments. Consequently, a thin laminar bed of mud lithifies into thinly layered shale. These fine and sheet-like clay minerals form shale rocks with low horizontal and vertical permeability [2] .
Oil (or gas) is typically found in sedimentary rocks with specific properties (porosity and permeability) that make them "good" or "poor" potential reservoirs. Shale gas is a self-reservoir source rock with potential in both aforementioned aspects. Therefore, shale strata, after reaching its maturation stage as a source rock, contain free and adsorbed gas that can be considered as a reservoir and can be exploited by using new techniques such as hydraulic fracturing. In the absence of an actual outcrop and complete core data, reservoir quality is typically determined by studying wireline well logs. Occasionally, such data can be quantified or confirmed after additional information is collected. Additional samples can be gathered from rotary sidewall or entire cores. An approach is frequently employed to obtain relative quality ranking to divide rocks in a particular vertical sequence into several types by using wireline well log information and core data. The approach used in this research is clustering analysis. In this technique, grouping samples are obtained such that those found in the same group (called a cluster) are more similar (in one sense or another) to one another compared with those in other groups (clusters = categories = rock types = facies). Various characteristics affect the well log tool down-hole signal. Moreover, the signal is derived from both the rock matrix and the fluids in the pore spaces. When samples are clustered into groups by using wireline well log data, these groups are termed "electrofacies." Electrofacies have been identified by using a traditional sedimentologic description of rocks (cores). However, electrofacies have been inferred to reflect properties of different depositional environments, which may be distinguished by using well log tool signals.
The whole core was initially studied in research on gas shales. Barnett and Woodford shales (United States) were investigated according to the method presented in [1] . This method includes analyzing the samples based on lithological properties. For several decades, well log analysis was conducted manually and visually to identify rocks. Identification was performed mainly by using cutoffs. Therefore, intervals with values were previously determined for a given rock type in one or more logs (e.g., shale and sandston by using gamma ray). Using this method requires an experienced log analyst who can relate the standards obtained to different lithological types. Although this method is satisfactory, it demands a considerable amount of time to analyze a single well or interval. This method is also subject to different criteria of standard recognition, as well as limited to human capacity, in simultaneously relating naturally varying data. In the past years, however, numerous researchers have developed different approaches to automate the process. A number of techniques, such as statistical ones [3, 4] , have been used. In this study, cluster analysis was employed to group data and to identify electrofacies in gas shale strata.
This study on electrofacies and gas shale proposes a novel method for rapidly determining gas shale zones, such as those in the Perth Basin in Western Australia.
Geology of the Perth Basin
The Perth Basin has an elongated shape ( Figure 1 ) extending from the north to the south in the southwestern part of Australia. It consists of a succession of sedimentary layers ranging from the Silurian to the Pleistocene. Nearly half of the basin is situated onshore and extends from near the Murchison River to the South Coast, covering a distance of approximately 750 km [5] .
The Perth Basin is a structurally complex basin with an area of approximately 172,300 km 2 . It was formed in the Permian to the Early Cretaceous during the separation of Greater India and Australia. At different time periods, such as the Permian, the Late Triassic to the Early Jurassic, and the Middle Jurassic to the Early Cretaceous, oblique rifting produced the structural architecture of the Perth Basin, which was superimposed on preexisting basement rocks [6] .
A high Precambrian basement, known as the Northampton Block, lies in the north. This block separates the Perth Basin from the Carnarvon Basin. The Darling Fault marks the eastern margin of the Perth Basin. This fault is identified as north-south trending fault. On the western downthrown side, the displacement is nearly 15 km [7] . Grabens are juxtaposed against granite and gneiss at the Yilgarn Block (Precambrian). Meanwhile, the sediments slip and fall into half-grabens from the Western Australian Shield [8] .
When extension occurred during the Permian period, a north-south trending series of deep (nearly 15 km) rift basins (Dandaragan and Bunbury Troughs) were formed along the western boundary of the Yilgarn Craton. In the northern Perth Basin, the Dandaragan Trough is the most important depocenter next to the Darling Fault. Nearly 15,000 m of sediments from the Silurian to the Cretaceous periods (as mentioned earlier) were deposited as a result of the rifting. In the south, a shallow basement structure, known as the Harvey Ridge, separates the Dandaragan Trough from the Bunbury Trough [8] . Along the southwestern boundary of the Northampton complex lies the northwestern branch of the Permian rift system, called the Abrolhos Sub-basin. The Beagle Ridge, the Greenough Shelf, and the Dongara Terrace, which basically form a high intra-basin, separate the Abrolhos Sub-basin from the Dandaragan Trough. The Abrolhos Sub-basin is a major offshore structural feature that is located in the northern Perth Basin. The Houtman Basin is a sag basin that is thickening westward. It consists of Triassic and Jurassic sedimentary rocks formed during the Middle Triassic to the Middle Jurassic. The Vlaming Sub-basin is a rift basin formed during the Middle Jurassic to the Early Cretaceous. This sub-basin is known for having deep and large half-grabens along its northern extent as it dips westward. Erosion, widespread inversion, strikeslip tectonics, and volcanism are related to breakup events during the Early Cretaceous. These activities significantly modified the structural architecture of the Perth Basin [6] .
Kockatea Shale
Kockatea shale is considered as one of the most important source rocks in the Perth Basin. This formation, which was deposited during the Triassic period, has a 15 m to 38 m thick rich organic basal section, with a total organic carbon (TOC) concentration of 2%. Kockatea shale is abundant in phytoplankton and finely divided exinite. Type 2 kerogen is common and is likely to be considered as significant sources of hydrocarbons in this interval. TOC concentrations start decreasing upward and reach less than 0.5% in overlying shale. However, these concentrations include organic matter derived from land plants, which is highly prone to gas formation. Kockatea shale can be identified as overmature in the deep sections of the Dandaragan Trough. Several sections of the Beagle Ridge, as well as most areas of the Abrolhos Sub-basin, currently lie within the oil window [8] . Kockatea shale reaches 1,060 m thick (in Woolmulla 1) petroleum exploration wells with the thickness typically increasing southward. However, Early Triassic activities along the Beagle Ridge and the Mountain Bridge reduced thickness in the area of the Dongara Terrace and in the northern portion of the Beagle Ridge [5] .
Lithology
Dark shale, siltstone, minor sandstone, and limestone make up the entire unit. The outcrop lies near Geraldton, and is near the junction of the Kockatea Creek and the Greenough River (280 33'10"S, 1150 10'10"E) with a thickness of 12 m. The unit in the outcrop has purple, red, brown, or buff thin ferruginous siltstone or fine-grained sandstone that is typically exposed as loose talus. The thickness of beds in this area is less than 10 cm. Large asymmetric ripple marks, cross-bedding, trails, and tool marks are also found.
Kockatea Members
Two sandy members, namely, the Arranoo member and the Bookara member, have been identified in Kockatea shale [10] . The base of Kockatea shale, also called "basal Triassic sandstone," is described in [10] . The Dongara sandstone is actually excluded from the formation [5] .
Arranoo Sandstone Member
The upper portion of Kockatea shale consists of thin interbeds of siltstone and sandstone, which are known as the Arranoo member. The beds are discontinuous and lenticular, thus representing shallow marine facies with a regressive phase. In Dongara and Mount Horner, marketable amounts of oil have been extracted. In North Eregulla, small amounts of oil have also been recovered from upper Kockatea shale [8] .
Bookara Sandstone Member
This sandstone member is restricted to the Greenough Shelf. The Bookara member clearly lies within Lower Triassic Kockatea shale in wells, such as Rakrani 1, Bonniefield 1, and Condor 1. The similarity of log response between this area and the upper part of Dongara sandstone makes this type section problematic.
Hovea Member
This member has been recently identified in the bottom part of Kockatea. The Hovea member consists of dark gray to gray-black, sub-fissile to fissile claystone/shale along with occasional interbeds of light gray to white limestone, and minor sandstone from shallow marine depositions.
Stratigraphic Relationships
Kockatea shale unconformably overlies the Carynginia Formation of the Permian period. In the northern part of the area, this shale overlies Dongara sandstone. However, this contact remains undetermined. The Woodada Formation conformably overlies Kockatea shale. In several northern parts, the Cattamarra Coal Measures, Lesueur sandstone, or the Eneabba Formation overlie Kockatea shale with a disconformity [5] .
Depositional Environment
The deposition of Kockatea shale is described as shallow marine. In the lower and middle portions of the formation, sandstone bodies are called strandlines and offshore bars [10] .
Material and methods
The characteristic properties of gas shale well logs range from high to very high gamma ray >150 g API, high resistivity >15 ohm, high sonic porosity, and low spontaneous potential log. With regard to characteristic properties and in presenting well logs for correlation, four logs, namely, sonic log (DT), gamma ray log (GR), resistivity log (IND), and spontaneous potential (SP) from 10 wells in the Perth Basin were analyzed in this study. These wells were selected based on geochemical data and burial history, thermal modeling data, and well log presentation. The aforementioned wells were examined with regard to gas or oil generation/non-generation (Table 1 ) and correlation of well logs. The Mahalanobis function of MATLAB was used to calculate the distances of the data. Eq. 6, which is a Complete linkage function, was used as a link among the distances. A clustering tree was generated to identify the number of meaningful clusters. Cluster analysis is a convenient method for identifying homogenous groups of objects called clusters. Objects (cases or observations) in a specific cluster share numerous characteristics, but are dissimilar to objects that do not belong in the same cluster [11] . Cluster analysis involves classifying objects into different groups, or specifically, partitioning data sets into subsets (or clusters). Hence, data in each subset ideally share several common traits, which are frequently related to proximity according to some defined distance measures [12] . Data clustering is a common technique for analyzing statistical data. This technique is applied in numerous fields, including machine learning, data mining, pattern recognition, image analysis, and bioinformatics. Apart from the term "data clustering" (or simply "cluster-ing"), a number of terms with similar meanings, including "cluster analysis," "automatic classification," "numerical taxonomy," "botryology," and "typological analysis," are also used. In any clustering technique, selecting a distance measure to determine the similarity between two elements is an important step. This step influences the shape of the clusters because some elements may be close to others based on one distance but far according to another. For example, in a 2D space, the distance between the point (x=1, y=0) and the origin (x=0, y=0) is always 1 according to usual norms. However, the distance between the point (x=1, y=1) and the origin can be 2 or 1 if you consider the 1-norm, 2-norm, or infinity-norm distances. The common distance functions are as follows:
2. Standardized Euclidean distance:
Where D is the diagonal matrix with diagonal elements, which denotes the variance of the variable X over the objects.
3. Mahalanobis distance:
where V is the sample covariance matrix.
City Block metric:
5. Minkowski metric:
Usually the distance between two clusters s and r is one of the following:
1. The maximum distance between elements of each cluster (also called complete linkage clustering):
2. The minimum distance between elements of each cluster also called single linkage clustering):
3. The mean distance between elements of each cluster (also called average linkage clustering):
4. The distance between centroid elements of each cluster (also called centroid linkage clustering):
Well log data were introduced as primary data into MAT-LAB software, which was then used to calculate the distances between them. The processed log data (namely, GR, DT, IND, and SP) were loaded as an input matrix ( ). Then, the most used distance function [13] was applied to calculate distances between data. The linkage function takes the distance information generated by the "pdist function," and links pairs of objects that are close together into binary clusters (that is, clusters made up of two objects). Based on this method, a dendrogram that consisted of numerous U-shaped lines that connected objects in a hierarchical tree was generated. The height of each U represents the distance between the two objects that are being connected. If the data points in the original dataset are few, then each leaf in the dendrogram corresponds to one data point. If many data points are found, then the complete tree appears crowded and the dendrogram collapses lower branches to allow some leaves in the plot to correspond to more than one data point. The final step in cluster analysis is generating data clusters by using a set of cutoff values. Cluster analysis involves classifying objects into different groups, or specifically, partitioning a data set into subsets (clusters). Hence, data in each subset ideally share some common features, which are frequently related to proximity according to some defined distance measures [12] . Data clustering is a common technique for analyzing statistical data. This technique is applied in many fields, including machine learning, data mining, pattern recognition, image analysis, and bioinformatics. Apart from the term "data clustering" (or simply "clustering"), a number of terms with similar meanings, including "cluster analysis," "automatic classification," "numerical taxonomy," "botryology," and "typological analysis" are also used [14] . In the present research, several groups of data clusters were generated by identifying different cutoff values or thresholds. Figure 1 shows the dendrogram acquired from the wells. For a detailed study of the zones, 30 clusters were identified in the tree. By using the maximum data cluster, accurate facies changes in the strata were determined and marked as gas shale zones. The identified clusters were controlled by plotting them against the available logs at the wells. For example, Figure 2 represents the resulting electrofacies for the wells. The electrofacies were plotted as a stair diagram and a color map at the column. 
Results and discussion

Electrofacies
The objective of well log cluster analysis is to search for similarities/dissimilarities among data points in the multivariate space of logs to group them into classes called electrofacies [16] . In terms of log properties, facies are called electrofacies. Although evaluating electrofacies and geological facies are different processes, both techniques aim to describe physical rock parameters. The zonation of electrofacies establishes a strong base to extrapolate geological information obtained from the cores. This technique allows log data to be integrated into other geological aspects of an oil-field or basin study. A better method to analyze facies is to establish a classification model that separates log data into sets of log responses, thus characterizing and distinguishing sediments. After identifying unique log responses related to facies, these responses are also searched in other wells [16] . Several lithofacies have different and distinctive log curves. A high amount of uranium in phosphatic deposits indicates a high gamma ray value. In many other shales, the association between uranium and phosphates is common [17] . A high uranium concentration in marine source rocks results in an increase in total gamma ray intensity. In gas shale reservoirs where uranium-enriched minerals are not present or in reservoirs that do not have uranium-enriched clays, uranium and gamma ray correlation methods are suitable.
Gamma ray is a critical well log that helps differentiate seals or source rock shale from sandstone or carbonate, which are reservoir lithologies of conventional systems. In such situation, fined-grained lithofacies occasionally become complicated and gamma ray becomes unhelpful. This situation can occur when the gas shale of interest has been deposited under marine depositional conditions. In lacustrine conditions, uranium is typically scarce, and sometimes, no relation can be observed between TOC and uranium [18] . In such situation, the total gamma ray curve remains as a good indicator of overall content [19] . Electrofacies were studied with regard to the logs presented, burial history, thermal modeling, and geochemical data (Table 1) . By using these bases, three major types of wells were determined, namely, type 1 gas productive well, type 2 oil productive well, and type 3 non-productive well. The electrofacies in the three types of wells were compared and interpreted in terms of petrophysical data, burial history, as well as thermal and geochemical results.
Type 1: Electrofacies for Yardarino 1
With respect to geochemical data, time-temperature index (TTI), and vitrinit reflectance (Ro), this well reaches a gas production zone. Log data electrofacies of 3, 4, 9, and 10 with high DT, GR, and IND, but low SP are potential sources of shale gas (Figures 2 and 3 , Table 1 ). Kockatea shale has a series of thinly interbedded fine sandstone, siltstone, shale, and minor limestone. This shale has more sand in the upper area and more shale below 7100 ft. Thin limestone beds with occasional brown mica flakes are present between 7310 ft. and 7400 ft. With respect to TTI, this well reaches an oil production zone. Log data electrofacies of 4 from major electrofacies for gas shale are determined to have high DT, GR, and IND, but low SP (Figure 4 ). Kockatea shale in this well consists of dark gray to black, micaceous and silty with thin interbeds or lenses very fine-grained sandstone and siltstone. Kockatea formation overlies unconformity in the Carynginia Formation.
Electrofacies for Erregulla 1
With respect to geochemical data and TTI, this well reaches an oil production zone. Log data electrofacies of 4 have high DT, GR, and IND, but low SP ( Figure 5 ).
Electrofacies for Euragoa 1
With respect to geochemical data, this well reaches an oil production zone. Log data electrofacies of 3, 4, 9, and 10 with high DT, GR, and IND, but low SP are potential shale gas sources (Figure' 6 ). Kockatea shale in this well shows 3 to 5 methane units in the core and cutting samples. Lithologies were thinly interbedded into interlaminated shale with dark gray, slickensides, massive to fissile, micaceous, hard and brittle, partly silty siltstone with dark gray micaceous clay. Furthermore, pale gray, quart-zose, sparkling, hard and brittle, slightly to very calcareous fine-grained sandstone to very fine-grained sucrosic that is partly calcareous near the top of the formation were observed. 
Electrofacies for Mondarra 1
With respect to geochemical data, this well reaches an oil production zone. Meanwhile, based on TTI and Ro, this well reaches a gas production zone. Log data electrofacies of 4 with high DT, GR, and IND, but low SP are potential shale gas sources ( Figure 7 ). 
Electrofacies for Mount Horner 1
This well includes geochemical and Ro data, which reaches an oil production zone. With respect to log data, the electrofacies of 3, 4, 9, and 10 with high DT, GR, and IND, but low SP are potential shale gas sources (Figure 8) . The Kockatea Formation in this well consists of shale, siltstone, and fine-grained sandstone. 
Electrofacies for North Erregula 1
With respect to geochemical and TTI, this well reaches an oil production zone. In terms of log data, the electrofacies of 3, 4, 9, and 10 with high DT, GR, and IND, but low SP are potential shale gas sources ( Figure 9 ). Kockatea shale in this well consists of minor siltstone and sandstone. Reports from this well also show trace gas. 
Electrofacies for South Turtle Dove 1
With respect to geochemical data, this well reaches an oil production zone. Log data electrofacies with gas shale potential were not found in this well ( Figure 10 ). Kockatea shale in this well (core and cutting) consists of interbedded shale and siltstone, rare carbonaceous, grade to silty sandstone, calcite vein traces, limestone, and sandstone. At the base of this well, silty sandstone with shale and traces of coal were found. 
Electrofacies for Strawberry Hill 1
With respect to geochemical data, this well reaches an oil production zone. In terms of TTI and Ro, this well reaches a gas production zone. Log data electrofacies with gas shale potential were not found in this well ( Figure 11 ). Kockatea shale in this well consists of shale with minor siltstone and sandstone. 
Type 3: Electrofacies for Beharra 2
This well contains geochemical data that do not generate oil or gas. Log data electrofacies with gas shale potential were not found in this well ( Figure 12 ). Kockatea shale in this well is dominated by dark gray fissile shale, which is strongly slickensided in the lower part. Minor gray-green siltstone occurs mainly at the top.
Conclusion
Ten wells in the Perth Basin were studied based on log data, modeled burial history, and maturation. Three types of situations have been defined regarding shale gas potential and characteristic electrofacies identification. With respect to burial history, thermal modeling, and geochemical data, the following wells reach the following stages, as confirmed by all the aforementioned data: Yardarino 1, gas stage; Beharra 2, no reahing. The data were confirmed with electrofacies data, as shown in the following: Yardarino 1 has electrofacies 3, 4, 9, and 10 with gas shale potential properties, whereas Beharra 2 does not have the aforementioned electrofacies. With respect to geochemical data, TTI, and Ro, the other studied wells reach oil generation zones. However, the electrofacies for some of these wells show that they can reach gas stages and consist of electrofacies with gas shale potential. Therefore, in gas-producing wells, electrofacies data help determine the exact location of gas shale zones. Wells with oil zones indicate potential for generating gas.
